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uring animal development, morphogenesis of tissues and organs requires dynamic cell shape changes and movements that
re accomplished without loss of epithelial integrity. Data from vertebrate and invertebrate systems have implicated several
ell surface and cytoskeleton-associated molecules in the establishment and maintenance of epithelial architecture, but
here has been little analysis of the genetic regulatory hierarchies that control epithelial morphogenesis in specific tissues.
ere we show that the Drosophila Hindsight nuclear zinc-finger protein is required during tracheal morphogenesis for the
maintenance of epithelial integrity and assembly of apical extracellular structures known as taenidia. In hindsight (hnt)
mutants tracheal placodes form, invaginate, and undergo primary branching as well as early fusion events. Starting at
midembryogenesis, however, the tracheal epithelium collapses or expands to give rise to sacs of tissue. While a subset of hnt
mutant tracheal cells enters the apoptotic pathway, genetic suppression of apoptosis indicates that this is not the cause of
the epithelial defects. Surviving hnt mutant tracheal cells retain cell–cell junctions and a normal subcellular distribution
of apical markers such as Crumbs and DE-Cadherin. However, taenidia do not form on the lumenal surface of tracheal cells.
While loss of epithelial integrity is a common feature of crumbs, stardust, and hnt mutants, defective assembly of taenidia
s unique to hnt mutants. These data suggest that HNT is a tissue-specific factor that regulates maintenance of the tracheal
pithelium as well as differentiation of taenidia. © 2000 Academic Press
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integrity; architecture; crumbs; stardust; shotgun; hindsight; pruned; escargot.p
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During metazoan development, tissue and organ forma-
tion is regulated at multiple levels. First, cells acquire a
certain fate; this is controlled by specific positional cues
and by hierarchies of transcription factors that regulate cell
fate in response to these cues. Second, cells undergo prolif-
eration, migration, shape changes, and programmed cell
death characteristic of their fate. These morphogenetic
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All rights of reproduction in any form reserved.rocesses construct complex three-dimensional tissues and
rgans from simpler, often planar, epithelial sheets. Finally,
ell- and tissue-type-specific genes that encode the struc-
ural and functional components of the tissue under assem-
ly are activated. During morphogenesis, cell–cell and
ell–extracellular matrix contacts must be dynamic enough
o allow establishment of the required architecture while
emaining sufficiently stable to prevent loss of tissue integ-
ity (reviewed in Gumbiner, 1996).
The Drosophila tracheal system is an epithelial tubular
etwork that develops by stereotypical invagination,
ranching, and fusion of populations of precursor cells
nown as tracheal placodes (Manning and Krasnow, 1993;
oirot and Noirot-Timothe´e, 1982). During early embryo-
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184 Wilk et al.genesis, 10 pairs of bilaterally symmetric clusters of lateral
ectodermal cells acquire the tracheal fate (Issac and An-
drew, 1996; Wilk et al., 1996). These cells undergo two
rounds of cell division to form placodes that contain about
80 cells each. Subsequently, there is no cell proliferation or
cell death and tracheal morphogenesis is accomplished
exclusively by cell shape changes and rearrangements (Sa-
makovlis et al., 1996a). Branching and fusion of the tracheal
tree gives rise to a continuous tubular array that functions
in oxygen exchange during the larval stages (Samakovlis et
l., 1996b; Tanaka-Matakatsu et al., 1996).
Significant progress has been made toward a molecular
nderstanding of tracheal cell fate specification and the
arly events of tracheal morphogenesis (reviewed in
etzger and Krasnow, 1999). Briefly, tracheal fate is deter-
ined by the bHLH–PAS domain transcription factor Tra-
healess (TRH) (Issac and Andrew, 1996; Wilk et al., 1996).
RH forms a complex with another bHLH–PAS protein,
ango (Sonnenfeld et al., 1997), and this complex activates
enes required for invagination, migration, and branching.
ne such target is the FGF receptor Breathless (Glazer and
hilo, 1991; Kla¨mbt et al., 1992), which, together with the
GF ligand Branchless (Sutherland et al., 1996), regulates
ell migration and branching. The FGF pathway is reused to
nduce secondary and tertiary branching, targeting different
ets of genes for each process. Tracheal branch fusion is
ontrolled in part by the zinc-finger transcription factor
scargot (ESG). which functions to activate fusion and
epress branching. ESG up-regulates expression of DE-
adherin (DE-CAD) in the tip cells of specific branches, a
rocess essential for fusion (Samakovlis et al., 1996b;
anaka-Matakatsu et al., 1996).
Hindsight (HNT) is a nuclear protein with 14 C2H2-type
zinc-fingers that is expressed in several tissues during
Drosophila development, including the amnioserosa and
the tracheal system (Yip et al., 1997). HNT expression in
the amnioserosal cells that abut the leading edge of the
epidermis is required to direct the epidermal cells to un-
dergo the shape changes that drive germ-band retraction
(Lamka and Lipshitz, 1999). HNT also functions to prevent
the amnioserosal cells from undergoing premature pro-
grammed cell death (Frank and Rushlow, 1996; Lamka and
Lipshitz, 1999). Here we investigate HNT’s role during
tracheal morphogenesis. We show that HNT is expressed in
every tracheal cell during tracheal morphogenesis and that
HNT is necessary for maintaining tracheal epithelial integ-
rity starting at midembryogenesis. Despite the fact that
some tracheal cells enter the apoptotic pathway in hnt
mutants, this does not cause the loss of epithelial integrity.
Surviving mutant tracheal cells retain apical–basal polarity,
and epicuticle and lumen components are secreted apically.
The tracheae, however, collapse or expand to form epithe-
lial sacs, and regular taenidial folds do not form on the
apical surface of the tracheal cells. HNT may function as a
tissue-specific factor that regulates epithelial integrity and
differentiation in both the amnioserosa and the tracheal
system.
Copyright © 2000 by Academic Press. All rightMATERIALS AND METHODS
Drosophila Strains
Two antibody-null hnt alleles, hntXE81 (Wieschaus et al., 1984)
and hnt1142 (provided by J. Duffy, Indiana University), were used as
well as Df(1)rb1, a deficiency that breaks 20–25 kb upstream of the
hnt transcription start site and eliminates HNT protein expression
specifically from the trachea (B.H.R., I. Dawson, and H.D.L.,
unpublished results). The trachealess enhancer trap, 1-eve-1 (Issac
and Andrew, 1996; Perrimon et al., 1991; Wilk et al., 1996), was
used to visualize the tracheal cells by immunostaining with
anti-b-galactosidase (anti-b-GAL) antibody. The pruned enhancer
trap, bs03267 (Bloomington stock P1292), and the escargot enhancer
rap, esgk00606 (Bloomington stock P359), were used to assay possible
efects in expression of these markers in hnt mutants. Embryos
utant for hnt were unambiguously identified as the non-b-GAL-,
non-HNT-expressing unretracted embryos either in a hnt/FM7Z
stock or in the offspring of a cross of hnt/FM7Z females to enhancer
trap-carrying males. u-shaped (ush2) (Cubadda et al., 1997) and
tailup (tup1) (Goldman-Levi et al., 1996; Harbecke and Lengyel,
995) were balanced with CyOZ and homozygous mutants were
dentified as the non-b-GAL-expressing unretracted embryos.
Df(3L)H99 is a small deficiency that removes reaper, head involu-
ion defective, and grim and suppresses apoptosis (Chen et al.,
1996; Grether et al., 1995; White et al., 1994). Double-mutant
hntXE81; Df(3L)H99 embryos were obtained from the hntXE81/FM7Z;
Df(3L)H99/TM6BZ stock (Lamka and Lipshitz, 1999). Double mu-
tants were identified as the non-b-GAL-expressing unretracted
embryos. One-hour embryo collections were aged at 25°C and
staged according to Campos-Ortega and Hartenstein (1998).
Immunostaining, in Situ Hybridization, and
Acridine Orange Procedures
Staining was carried out by standard procedures using the
following antibodies: mouse monoclonal anti-HNT (1:20 dilution,
Lamka and Lipshitz, 1999; Yip et al., 1997); guinea pig anti-tracheal
lumen No. 55, kindly provided by B.-Z. Shilo (1:150 dilution,
Reichman-Fried et al., 1994); rabbit anti-b-GAL from Cappel (1:
1000 dilution); rabbit anti-tracheal lumen TL-1, kindly provided by
M. Krasnow (1:2000 dilution); mouse monoclonal anti-Crumbs
(1:20 dilution, Tepass and Knust, 1993); rat anti-DE-CAD (1:50
dilution, Oda et al., 1994). HRP-secondary antibodies were used for
standard light microscopy (1:300 dilution; Jackson) while
rhodamine- or FITC-conjugated secondary antibodies were used for
confocal analysis (1:300 dilution). Double-immunostaining proce-
dures followed those described by Raz et al. (1993) except that
enhancement was exclusively with 8% NiCl2. For histological
sections, embryos were first immunostained, then dehydrated,
embedded in Epon (Polyscience), and sectioned at 1–3 mm on an
KB microtome.
For reaper RNA tissue in situ/antibody double-labeling experi-
ments, in situ hybridization was followed by antibody staining.
After reaper transcript visualization (Lamka and Lipshitz, 1999),
embryos were washed, dehydrated in an ethanol series, and stored
at 4°C overnight in 70% ethanol as described (Cohen and Cohen,
1992; Lehmann and Tautz, 1994). After rehydration embryos were
immunostained for b-GAL and then mounted in glycerol as de-
scribed (Lamka and Lipshitz, 1999).Acridine orange/antibody double-labeling experiments followed
a protocol kindly provided by Sarah Hughes and adapted from
s of reproduction in any form reserved.
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185hindsight in Drosophila TracheaAbrams et al. (1993). After dechorionation in 2.6% sodium hypo-
chlorite, embryos were washed with water and then placed in
heptane. One volume of acridine orange (10 mg/ml in PBS) was
added, followed by vigorous shaking for 5 min. Embryos were then
fixed in 1:1 heptane:4% formaldehyde for 20 min, devitellinized in
1:1 heptane:methanol, rinsed twice with methanol, and blocked in
PBTBB (0.1% Tween 20, 0.5% skim milk powder, 0.05% BSA in
PBS). Embryos were incubated in primary antibody (anti-b-GAL in
PBTBB) at 4°C overnight. Washes and secondary antibody incuba-
tion were in PBTBB at room temperature. Immunostained embryos
were mounted in 70% glycerol, 2.5% DABCO in PBS and analyzed
by confocal laser scanning microscopy.
Transmission Electron Microscopy, Differential
Interference Contrast Analysis, and Confocal Laser
Scanning Microscopy
For confocal analysis we used a Leica TCS 4D confocal micro-
scope with “scanware” software. For Crumbs (CRB) and DE-CAD,
about 10 0.5-mm digital sections were projected together. Both
wavelengths were scanned simultaneously and then displayed as
green and red in PhotoShop (Adobe). For acridine orange/b-GAL
ouble labeling, a single simultaneous image was scanned and
isplayed in PhotoShop. For light microscopic analysis of taenidial
olds, first-instar larvae were squashed in a drop of PBS under a
overslip and then viewed using differential interference contrast
ptics. Preparation of transmission electron microscopy specimens
ollowed published procedures (Tepass and Hartenstein, 1994).
RESULTS
Hindsight Is Expressed in All Tracheal Cells
during Embryogenesis
During Drosophila embryogenesis hnt expression com-
mences in the amnioserosa and midgut at stage 5 and,
subsequently, initiates in a variety of additional cell types
including the tracheal system (Yip et al., 1997). There is no
maternal contribution of hnt RNA or protein to the early
embryo (Wieschaus and Noell, 1986; Yip et al., 1997).
FIG. 1. HNT expression in the tracheal system. (A) Lateral view o
but not in the tracheal placodes (brown; Tr1, tracheal placode 1). (B
the amnioserosa, and other tissues. (C) Stage 14 embryo showing
trunk (DT), the visceral branch (VB), the lateral trunk (LT), and th
the peripheral nervous system (PN). (D) Stage 15 embryo showing
system. HNT expression continues in all tracheal cells. (E) HNT i
stage 16. (A), (B), (C), and (E) utilize the trachealess enhancer trap, 1
uses a lumen-specific antiserum (No. 55). Anterior is oriented towar
figures.
FIG. 2. The initial steps of tracheal development are unaffected
stained for b-GAL. (A) At stage 11 in hnt-mutant embryos the 10 tra
B) By stage 12 the tracheal pits have invaginated and start branchin
orsal branches (DB), the lateral trunk (Lta and LTp), and the gangl
and, but otherwise form a normal tracheal tree. (D) Lateral view o
arker No. 55. At this stage the dorsal trunk is fused in most of the hem
break in the dorsal trunk in one hemisegment.
Copyright © 2000 by Academic Press. All rightExpression in the embryonic tracheal system was assayed
by double-immunostaining with anti-HNT (Fig. 1, purple)
and either the trachealess enhancer trap 1-eve-1 that marks
ll the tracheal cells (Figs. 1A–1C and 1E, brown) (Issac and
ndrew, 1996; Perrimon et al., 1991; Wilk et al., 1996) or a
racheal lumen-specific antibody (Fig. 1D, brown). There is
o detectable accumulation of HNT protein in the tracheal
lacodes at stage 10 (Fig. 1A). HNT accumulates in the
uclei of tracheal cells beginning at early stage 11 and
xpression continues in all tracheal cells from stage 12
hrough the remainder of embryogenesis (Figs. 1B–1E).
Tracheal Cell Fate Specification, Invagination, and
Primary Branching Occur Normally in hnt Mutant
Embryos
To determine possible functions of HNT during tracheal
development, we examined the tracheal system of hnt-
mutant embryos using two alleles, hntXE81 and hnt1142, that
re antibody null and exhibit severe germ-band retraction
efects (Yip et al., 1997, B.H.R. and H.D.L., unpublished
bservations). The phenotypes of the two hnt alleles are
ndistinguishable and thus henceforth we shall refer simply
o “hnt” without mentioning the specific allele shown. The
racheal system was visualized using either the trachealess
nhancer trap, 1-eve-1, or antibodies that recognize compo-
ents of the lumen (No. 55 or TL-1). In hnt-mutant embryos
he early aspects of tracheal cell fate specification and
orphogenesis are indistinguishable from wild type: tra-
heal placodes form at the correct time and location (Fig.
A, stage 11), invaginate on schedule, and undergo primary
ranching (Fig. 2B, stage 12). Despite failure of germ-band
etraction, the tracheal tree continues to form (Fig. 2C,
tage 13) and fusion of the dorsal trunk occurs in most of
he hemisegments (Fig. 2D shows lumen marker No. 55 at
arly stage 14; this was confirmed with lumen marker TL-1,
ata not shown). The lack of early morphological defects in
nt mutant tracheae leads us to conclude that HNT is not
age 10 embryo. HNT (purple) is expressed in the amnioserosa (AS)
tage 11, HNT expression is detected in all tracheal placode nuclei,
expression throughout the tracheal system, including the dorsal
glionic branches (GB). HNT is also found in the oenocytes (o) and
ganglionic branches and part of the lateral trunk of the tracheal
ressed in every cell (1–5) in the dorsal branches (DBa and DBb) at
1, to visualize the tracheal system with anti-b-GAL antibodies; (D)
left and dorsal is toward the top of the page in this and subsequent
nt-mutant embryos. (A–C) Lateral view of hnt; 1-eve-1 embryos
l placodes (Tr1–Tr10) are normal with respect to size and position.
in wild type. These pits will give rise to the dorsal trunk (DT), the
branches (GB). (C) Stage 13 hnt embryos do not retract their germ
posterior part of a stage 14 hnt embryo immunostained for lumenf a st
) At s
HNT
e gan
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s exp
-eve-
d the
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f theisegments of hnt embryos. Arrows show fusion points; (*) shows
s of reproduction in any form reserved.
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188 Wilk et al.required for the initial events of tracheal morphogenesis
(stage 11 to early stage 14).
Expression of both trachealess (Figs. 2A–2C) and breath-
less (data not shown) is unaffected in hnt mutants, thus the
trachealess and breathless genes do not reside downstream
f HNT in a genetic regulatory hierarchy. Rather, since
NT expression commences in the tracheal placodes only
t stage 11 (Fig. 1B), hnt function must occur subsequent to
racheal cell fate specification.
HNT Function Is Required for the Maintenance
of Tracheal Epithelial Integrity
We next assessed the role of HNT in tracheal develop-
ment during the second half of embryogenesis (stages 14–
17). During stages 14 and 15, mutant embryos exhibit
several tracheal defects foremost of which is the constric-
tion and expansion of the dorsal trunk to form sac-like
structures (Figs. 3A and 3B vs 3C and 3D). Similar defects
are observed in the smaller tracheal branches (arrowhead in
Fig. 3C) which collapse and become misshapen (Fig. 3E vs
3F). By stage 16 many sacs have pinched off and tubes no
longer connect these sacs (Figs. 3G and 3H). We confirmed
these observations by examining tracheal lumen markers in
stage 15 hnt mutants. As expected, the lumen is no longer
ontinuous and secondary branching does not occur (Fig.
B). Tracheal defects are most severe in the posterior region
f the embryo (Figs. 2D, 3C, 3D, 3G, 3H, and 4B), consistent
ith the fact that certain aspects of tracheal morphogenesis
e.g., fusion) occur in posterior tracheal structures ahead of
ore anterior ones (Manning and Krasnow, 1993). We
resume that posterior tracheae reach the developmental
tage at which HNT is required before anterior tracheae.
ogether these data lead us to conclude that, while early
teps in the assembly of the tracheal system proceed nor-
ally in hnt-mutant embryos, beginning at stage 14 the
racheal system loses its integrity. Thus HNT does not
unction in the establishment of the tracheal epithelium
ut, rather, in its maintenance during the second half of
mbryogenesis.
Tracheal Defects in hnt Mutant Embryos Are
Independent of Failure of Germ-Band Retraction
We next addressed whether loss of tracheal integrity in
hnt-mutant embryos is a secondary consequence of failure
of germ-band retraction. hnt is one of a family of loci
required for germ-band retraction (Frank and Rushlow,
1996; Goldman-Levi et al., 1996; Lamka and Lipshitz, 1999;
Yip et al., 1997). If the tracheal defects we observed were a
onsequence of failed germ-band retraction, other members
f this class of mutants should exhibit similar defects. Thus
e assayed tracheal development in stage 14–15 u-shaped
(ush2) (Cubadda et al., 1997) and tailup (tup1) (Goldman-
evi et al., 1996; Harbecke and Lengyel, 1995) mutant
mbryos using the tracheal lumen marker No. 55. In tup
nd ush embryos the dorsal trunk is continuous and sec-
a
o
Copyright © 2000 by Academic Press. All rightndary branching is indistinguishable from that of wild
ype (Figs. 4C and 4D). In contrast, hnt mutant tracheae
ave a discontinuous and deformed dorsal trunk, and sec-
ndary branching fails (Figs. 3C–3H and 4B).
To confirm that loss of tracheal integrity in hnt mutants
s not caused by failure of germ-band retraction we analyzed
f(1)rb1-mutant embryos; in these mutants germ-band re-
raction proceeds normally and HNT is specifically absent
rom all tracheal cells (Fig. 4E vs 4F). Df(1)rb1 embryos lose
racheal integrity: the tracheal lumen becomes discontinu-
us and misshapen (Figs. 4G and 4H) as in those hnt
utants in which germ-band retraction fails (Figs. 3C–3H
nd 4B). Together these results demonstrate that loss of
racheal integrity in hnt-mutant embryos is not a conse-
uence of failure of germ-band retraction. Further, since the
nly tissue from which HNT is absent in Df(1)rb1 mutants
is the tracheal epithelium, HNT function is required in the
tracheal cells per se to regulate maintenance of this epithe-
lium.
Terminal Branching and Fusion Markers Are
Expressed Normally in hnt Mutant Embryos
There are two possible explanations for the absence of
secondary and tertiary branching and for failure of later
tracheal fusion events in hnt mutants. First, these defects
could be a secondary effect of loss of tracheal epithelial
integrity. In this case, genes that direct terminal branching
and fusion would be expressed normally in hnt mutants.
Alternatively, HNT could play a more direct role in regu-
lating expression of these genes. To distinguish these pos-
sibilities we assayed a terminal marker, pruned, and a
fusion marker, escargot, in hnt-mutant embryos (Fig. 5).
The pruned gene encodes the Drosophila serum response
actor and regulates cytoplasmic outgrowth during terminal
ranching of the tracheae (Guillemin et al., 1996). Expres-
ion of pruned occurs in the terminal cells of the tracheal
ystem in both wild-type (Fig. 5A) (Guillemin et al., 1996)
nd hnt-mutant (Fig. 5B) embryos. Thus the defects in
erminal branching in hnt mutants are not a result of
bnormal regulation of pruned.
Escargot is a zinc-finger-containing transcription factor
hat is expressed in tracheal cells at the developing fusion
oint with other tracheal cells (Fig. 5C) (Samakovlis et al.,
996a,b; Tanaka-Matakatsu et al., 1996). In escargot mu-
ants fusion events fail and ectopic terminal branching
ccurs (Samakovlis et al., 1996b; Tanaka-Matakatsu et al.,
996). The escargot gene is expressed in hnt-mutant tra-
cheae (Figs. 5D and 5E). Thus, in hnt mutants, the fusion
efects observed in certain regions of the tracheal system
Fig. 2D) and the apparently normal fusion followed by
inching off of epithelial sacs observed in other regions
Figs. 3C, 3D, 3G, and 3H) are not a consequence of
bnormal escargot expression.
It should be noted that the failure of terminal branchingnd fusion in hnt mutants also cannot be a secondary effect
f failure of germ-band retraction since these processes
s of reproduction in any form reserved.
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189hindsight in Drosophila Tracheaoccur normally in other mutants that fail to undergo
retraction (Figs. 4C and 4D). Together these data support
the notion that the defects in tracheal morphogenesis
during the second half of embryogenesis are a secondary
consequence of loss of epithelial integrity in hnt mutants.
Programmed Cell Death Occurs in hnt Tracheae
but Does Not Cause Loss of Epithelial Integrity
We next asked whether programmed cell death (apopto-
sis) might precede or accompany loss of tracheal integrity in
hnt mutants. Morphogenesis of the wild-type embryonic
racheal system occurs without apoptosis of any of the
racheal cells (Figs. 6A and 6D and Samakovlis et al.,
996a). We assayed apoptosis in hnt embryos in two ways.
irst, we performed whole-mount RNA tissue in situ hy-
ridization with a reaper (rpr) probe in hnt; 1-eve-1 em-
bryos. rpr is a molecular marker of cells that will enter the
apoptotic pathway (White et al., 1994). As above, 1-eve-1
(b-GAL) expression was used to outline the tracheal system.
A subset of the tracheal cells expresses rpr RNA in hnt
embryos (arrows in Fig. 6B, stage 14 and 5C, stage 13) but
not in wild-type controls (Fig. 6A, stage 14). rpr-expressing
cells were particularly apparent in the dorsal trunk (Fig. 6B),
a region in which severe loss of integrity occurs in hnt
mutants (see Fig. 3).
Next, hnt; 1-eve-1 embryos were stained with the vital
dye acridine orange followed by anti-b-GAL to highlight the
racheal cells. Acridine orange is a marker for apoptotic
ells. Single confocal images were acquired and projected in
oth channels (Figs. 6D and 6E). No acridine orange staining
as detected in wild-type tracheal cells (Fig. 6D). In con-
rast, acridine orange-positive cells were observed in hnt-
utant tracheae (Fig. 6E, arrows). In both assays apoptosis
as seen in the nervous system and the head of wild-type
nd hnt-mutant embryos, serving as an internal positive
ontrol (arrowheads in Figs. 6A, 6C, and 6D). These results
emonstrate that programmed cell death occurs in a subset
f the tracheal cells in hnt-mutant, but not wild-type,
mbryos.
The programmed cell death seen in hnt tracheae could be
ither a cause or a consequence of epithelial defects that
ead to loss of tracheal integrity. In our analyses, rpr-
xpressing cells were detected prior to any overt defects in
he tracheal epithelium (i.e., before stage 14; see Fig. 6C
howing a stage 13 embryo), consistent with either possi-
ility. To distinguish these, we analyzed the tracheal sys-
em of hnt; Df(3L)H99 double-mutant embryos using the
umen marker No. 55. The H99 deficiency suppresses
pr-dependent apoptosis (Chen et al., 1996; Grether et al.,
995; White et al., 1994). Strikingly, the tracheal system of
nt; Df(3L)H99 double-mutants loses its integrity despite
he absence of programmed cell death (Fig. 6F). The sup-
ression of apoptosis by Df(3L)H99 was confirmed by
onfocal analysis of hnt; Df(3L)H99 double-mutant em-
ryos double-stained with acridine orange and the lumen
arker No. 55 (data not shown). We conclude that pro-
Copyright © 2000 by Academic Press. All rightrammed cell death is not the cause of the loss of tracheal
pithelial integrity observed in hnt-mutant embryos.
Crumbs and DE-Cadherin Are Apically Localized
in hnt-Mutant Tracheae
We next assayed two markers of cell polarity in hnt-
mutant tracheae: the Drosophila homolog of E-cadherin
(DE-CAD) (Oda et al., 1994) and CRB, a transmembrane
protein with EGF repeats (Tepass et al., 1990). Several
tracheal branches were analyzed at different developmental
stages (the dorsal trunk and tracheal branches in hemiseg-
ments 2, 4, 8, and 9 at stages 14–16). In epithelial cells such
as those in the tracheal system, DE-CAD is concentrated at
the site of the zonula adherens, which is present in the
apicalmost region of the lateral cell surface (Oda et al.,
1994) (Fig. 7A). In hnt mutants, DE-CAD expression levels
appeared normal and the DE-CAD protein remained apical
in the tracheae even as they expanded to form sacs (Fig. 7B;
stage 15). CRB is localized apically in epithelial cells and is
enriched at the cell–cell boundary apical to the zonula
adherens (Grawe et al., 1996; Tepass, 1996) (Fig. 7C). There
was no detectable defect in CRB expression levels or sub-
cellular localization in hnt-mutant trachea (Figs. 7D and
7E); in fact, CRB is present and apical at stage 15 as the
tracheal epithelium loses its integrity (Fig. 7E). Thus, in hnt
mutants, those tracheal cells that do not undergo apoptosis
retain a normal distribution of apical markers.
The Zonula Adherens Is Present and Cuticle Is
Secreted Apically in hnt-Mutant Tracheae but the
Tubes Collapse or Expand to Form Epithelial Sacs,
and Regular Taenidial Folds Do Not Form
We next asked whether there are any detectable ultra-
structural defects in hnt-mutant tracheae by performing a
transmission electron microscopic analysis of the thoracic
dorsal tracheal trunk and transverse connectives of stage 17
embryos (Fig. 8). A wild-type trachea has the zonula adhe-
rens in the apicolateral region of the epithelium (Fig. 8A)
(Tepass and Hartenstein, 1994). In hnt-mutant embryos the
tracheal epithelium has ultrastructurally normal zonula
adherentes that are present apicolaterally as in wild type
(Figs. 8B and 8C), consistent with the distribution of CRB
and DE-CAD observed in the light microscope. Regions of
the tracheae are either collapsed or expanded compared
with wild type (Fig. 8F vs 8G) and in places the lumen is
severely reduced in size (Fig. 8A vs 8B), consistent with our
earlier observations suggesting that parts of the tracheal
lumen collapse while other regions expand, forming epithe-
lial sacs (Figs. 3 and 4). Together, our histological and
ultrastructural analyses suggest that there are no obvious
defects in either the polarity or the general cytological
organization of the surviving tracheal cells in hnt mutants
either prior to or during loss of normal epithelial architec-
ture.
In wild-type tracheae, epicuticle and taenidia are secreted
s of reproduction in any form reserved.
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190 Wilk et al.apically and are clearly visible on the lumenal surface (Figs.
8A and 8D). In hnt-mutant tracheae, the epicuticle is
secreted (Figs. 8B, 8C, and 8E) but there are no regular
taenidial folds in either the collapsed or the expanded
regions (Figs. 8D and 8F vs 8E and 8G). The taenidia are
thought to be required to prevent the tracheal lumen from
collapsing (Manning and Krasnow, 1993; Noirot and
Noirot-Timothe´e, 1982). Since epicuticle and lumen com-
FIG. 5. Expression of pruned and escargot is normal in hnt-muta
nt-mutant (B) stage 14 embryos visualized using enhancer trap bs03
to anterior lateral trunk cells while arrowheads point to posterior la
in wild-type (C) and hnt-mutant (D and E) embryos visualized using
dorsal branch are shown (DB) and those in the dorsal trunk (DT) are
using the No. 55 marker. Arrows and arrowheads are as in (A). T
stage 15.ponents (recognized by lumen antibodies; Figs. 2 and 4) are
secreted in hnt-mutant trachea, the absence of regular
Copyright © 2000 by Academic Press. All righttaenidial folds cannot be an indirect consequence of some
general secretory defect. Rather, the taenidial phenotype
suggests a specific defect in assembly of this structure.
DISCUSSION
Our previous analyses showed that HNT expression in
acheae. (A and B) pruned expression (purple) in wild-type (A) and
both cases pruned is expressed in the terminal cells. Arrows point
trunk cells that express b-GAL. (C–E) escargot expression (purple)
ncer trap esgk00606. b-GAL-positive (escargot-expressing) cells in the
lined with circles. In (A)–(E) the tracheal lumen is shown in brown
mbryos in (C) and (D) are at stage 14 while that in (E) is at latent tr
267. In
teral
enha
outthe amnioserosal cells abutting the leading edge of the
epidermis is essential for the morphogenetic process of
s of reproduction in any form reserved.
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192 Wilk et al.germ-band retraction which is driven by cell shape changes
in the epidermis (Lamka and Lipshitz, 1999). We also
demonstrated that the premature apoptosis of the amniose-
rosa, which occurs in hnt mutants, is not the cause of
ailure of germ-band retraction. Indeed, it was possible to
escue survival of the amnioserosa in hnt mutants without
escuing germ-band retraction. Our data led us to suggest
hat disruption of cell–cell communication from the am-
ioserosa to the adjacent epidermis and premature apopto-
is of the amnioserosa might be a consequence of an
nderlying defect in the amnioserosal epithelium.
Here we have extended our analyses of the role of HNT in
pithelial morphogenesis by examining defects in hnt-
utant tracheae. Our goals were twofold. First, we wished
o analyze HNT functions in a simple morphogenetic
rocess that occurs strictly through regulated cell shape
hanges and rearrangements without cell division and pro-
rammed cell death. Second, we wanted to determine
hether there might be epithelial defects in hnt mutants
hat were independent of the particular tissue or morpho-
enetic process analyzed (e.g., occur in both the amniose-
osa and the tracheal system).
Our results for both the amnioserosa (Lamka and Lip-
hitz, 1999) and the tracheal system (this study) clearly
emonstrate that, despite initiation of expression of HNT
n both epithelia shortly after they form (stage 5 in the
mnioserosa, stage 11 in the tracheal placodes), HNT func-
ion is not required during early differentiation of these
pithelia. Furthermore, the initial morphogenetic processes
ithin these epithelia occur normally in hnt mutants: the
mnioserosal cells undergo normal shape changes during
erm-band extension (Lamka and Lipshitz, 1999, B.H.R. and
.D.L., unpublished observations) and the tracheal pla-
odes invaginate normally and undergo primary branching
nd fusion of the dorsal trunk (this study). Only the later
vents of morphogenesis are abnormal in hnt mutants. The
mnioserosa becomes defective and undergoes premature
poptosis prior to the stage at which germ-band retraction
ould normally initiate (Frank and Rushlow, 1996;
FIG. 6. Apoptosis in hnt tracheae. (A–C) reaper in situ hybridizatio
nhancer trap (1-eve-1, brown). (A) Wild-type stage 14 embryo show
head are reaper positive (arrowhead). DT, dorsal trunk; GB, gan
reaper-positive tracheal cells (arrows). (C) Stage 13 hnt embryo
nontracheal cells (arrowheads). (D) Confocal image of an early sta
green) and b-GAL (1-eve-1; red). No tracheal cells undergo apoptosis
(E) An early stage 15 hnt embryo showing tracheal cells that are ac
a hntXE81; Df(3L)H99 embryo loses tracheal integrity as in hnt sing
FIG. 7. Tracheal cells retain apical–basal polarity in hnt-mutant e
Rhodamine (red) labels the trachealess enhancer trap 1-eve-1; FITC
epresent the tracheal system at stage 15 wild-type (wt) or hindsigh
ystem from which each confocal Z series was produced; blue sq
onnective from a wild-type embryo shows DE-CAD (green) in the
n a hnt trachea in which the dorsal trunk is expanded. (C) Wild-ty
howing a gap in the dorsal trunk (*) and CRB present apically. (E) Dor
green) localized apically.
Copyright © 2000 by Academic Press. All rightoldman-Levi et al., 1996; Lamka and Lipshitz, 1999; Yip
t al., 1997). Here we have shown that, while apoptosis
ever occurs in wild-type tracheae (this study, Samakovlis
t al., 1996a), a subset of the tracheal cells undergoes
poptosis in hnt mutants. In addition, hnt-mutant tracheae
o not undergo secondary or tertiary branching and there-
ore fail to complete fusion into a single tree. Instead, the
pithelium loses its integrity and collapses or expands to
orm sacs.
In both the amnioserosa and the tracheae we have been
ble to demonstrate that apoptosis per se is not the cause of
he subsequent morphogenetic defects. In the case of the
mnioserosa, rescue from apoptosis using the H99 defi-
iency is not sufficient to rescue germ-band retraction
Lamka and Lipshitz, 1999). Similarly, we have shown in
his study that rescue of apoptosis in the trachea does not
escue the integrity of this epithelium. Further, we have
emonstrated here using markers of tracheal fate (trachea-
ess, breathless), terminal branching (pruned), and fusion
escargot), that failure of tracheal morphogenesis in hnt
utants is likely to be a secondary effect of loss of epithe-
ial integrity rather than a direct consequence of abnormal
egulation of the genes that direct these processes.
The epithelial defects in hnt mutants seen in the amnio-
erosa (Lamka and Lipshitz, 1999) and in the tracheal
ystem (this work) show striking similarities to other
rosophila mutants that disrupt epithelial tissues, suggest-
ng that HNT has a direct function in regulating the
aintenance of epithelial structure. Drosophila genes in-
olved in epithelial differentiation include shotgun (shg)
nd crumbs (crb) (for review see Tepass, 1997). shg encodes
E-Cadherin, the major epithelial cadherin in Drosophila,
hich is required for the formation and maintenance of
ost epithelia in the embryo (Haag et al., 1999; Tanaka-
atakatsu et al., 1996; Tepass et al., 1996; Tepass and
artenstein, 1994; Uemura et al., 1996). crb encodes a
ransmembrane protein that localizes to, and that is re-
uired for, maintaining the apical cell surface in ectodermal
pithelia (Tepass et al., 1990; Wodarz et al., 1995). Muta-
rple) and anti-b-GAL antibody staining to visualize the trachealess
bsence of reaper in all tracheal cells. Some nontracheal cells in the
ic branch. (B) Posterior half of a stage 14 hnt embryo showing
wing reaper-positive tracheal cells (arrows) and reaper-positive
wild-type embryo, double-stained for acridine orange (shown in
ild-type embryos. Arrowheads indicate apoptotic nontracheal cells.
e orange positive (arrows). (F) Lumen antibody No. 55 shows that
utant embryos (an early stage 15 embryo is shown).
yos. (A–E) Confocal images from double-labeled stage 15 embryos.
n) labels DE-CAD (A and B) or CRB (C–E). The schematic diagrams
t)-mutant embryos with squares showing the region of the tracheal
s for DE-CAD and red squares for CRB. (A) Tracheal transverse
al part of the tracheal cells facing the lumen. (B) DE-CAD is apical
cheal branches with apical CRB (green). (D) hnt tracheal branchesn (pu
ing a
glion
, sho
ge 15
in w
ridin
le-m
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t (hn
uare
apic
pe tra
sal trunk of a hnt embryo showing a sac-like expansion and CRB
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FIG. 8. Ultrastructural and differential interference contrast ana
images (A–E, stage 17) and differential interference contrast images
is greatly reduced, irregular, and collapsed in hnt-mutant embryos (
magnification of B (see dotted box) showing the zonula adheren
transverse tracheal connectives from wild-type (D) and hnt (E) emb
bsent or deformed in hnt mutants. (F) Dorsal trunk of wild-type fir
rst-instar larva the dorsal trunk has irregular (arrow) or absent (*)
A) and (B), 2 mm; in (C)–(E), 0.5 mm.ntegrity (e.g., stardust) cause very similar terminal pheno-
ypes. When an epithelial tissue breaks down, a subset of
t
e
Copyright © 2000 by Academic Press. All righthe epithelial cells loses polarity/structural integrity, enters
of wild-type and hnt trachea. Transmission electron microscope
d G) are shown. In cross section the lumen of the dorsal trunk (*)
ative to wild type (A), shown at the same magnification. (C) Higher
ows) and a septate junction (arrowhead). Transverse sections of
(*) marks the lumen; arrows point to taenidial folds (tf), which are
star larva with regular taenidial folds (arrows). (G) In a hnt-mutant
idial folds. Note the irregular diameter of the lumen. Scale bars inlysis
(F an
B) rel
s (arr
ryos.
st-inhe programmed cell death pathway, and degenerates. How-
ver, the majority of cells in such tissues survive until late
s of reproduction in any form reserved.
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194 Wilk et al.embryogenesis, show normal polarity and junctional differ-
entiation, and form small epithelial (often vesicular) units
(Grawe et al., 1996; Tepass et al., 1996; Tepass and Knust,
1990; Uemura et al., 1996). Moreover, rescue of cell death
by blocking the apoptosis pathway does not rescue the
epithelial defects in crb (White et al., 1994), shg (Tepass et
al., 1996), or hnt mutants (this work, Lamka and Lipshitz,
1999), further emphasizing the similarities in the function
of these genes.
In particular, analyses of crb and the phenotypically
similar gene stardust (sdt) have revealed that the mecha-
isms involved in epithelial maintenance change during
evelopment (Tepass, 1997; Tepass and Knust, 1990). crb
nd sdt are not needed for the formation of the blastoderm
pithelium. During gastrulation both genes are required for
he formation of the zonula adherens. In crb and sdt
mutants the zonula adherens fails to assemble throughout
the ectoderm and amnioserosa, a defect that is soon fol-
lowed by the appearance of gross morphological abnormali-
ties in all ectodermal and amnioserosal cells (Grawe et al.,
1996; Muller and Wieschaus, 1996; Tepass, 1996). Surpris-
ingly, recovery of epithelial morphology, including delayed
differentiation of a junctional complex, is observed in crb
and sdt mutants during organogenesis. The extent of recov-
ery of epithelial morphology differs from tissue to tissue
and ranges from very little (e.g., epidermis) to almost
complete (e.g., hindgut) (Grawe et al., 1996; Tepass and
Knust, 1990; Tepass and Knust, 1993). These findings
suggest that tissue-specific factors contribute to mainte-
nance of epithelial structure and can partially compensate
for loss of crb and sdt function. HNT is likely to represent
such a tissue-specific factor required for epithelial differen-
tiation as suggested by its phenotype and its expression
pattern, which is limited to only a subset of embryonic
epithelia (this work, Lamka and Lipshitz, 1999; Yip et al.,
1997). As HNT is a zinc-finger nuclear protein that may
FIG. 9. Models for HNT functions during tracheal development. (A
assembly, and prevents programmed cell death. (B) HNT’s prima
tracheal cells and defects in taenidia are an indirect consequence
regulates epithelial architecture and assembly of taenidia, while ap
the first of these processes.control gene expression, HNT could modulate the expres-
sion levels, or could alter the repertoire, of structural
Copyright © 2000 by Academic Press. All rightcomponents that are needed for epithelial differentiation.
Such components remain to be identified as our findings
suggest that HNT is not essential for the expression of CRB
and DE-CAD.
The basic structural organization of the tracheal tubes is
similar among insects (Manning and Krasnow, 1993; Noirot
and Noirot-Timothe´e, 1982), consisting of a simple mono-
layer epithelium with a lamina on the basal (outer) surface
and cuticle apically (facing the lumen). The cuticle usually
contains regular folds known as taenidia. These are ar-
ranged in a helical pattern and function to keep the tracheal
tube open without compromising flexibility (Noirot and
Noirot-Timothe´e, 1982). Tracheal cells of hnt embryos
secrete an epicuticle as well as other components of the
lumen (e.g., the components recognized by antibodies TL-1
and No. 55). However, the size of the lumen is variable and
it is discontinuous. Moreover, the taenidial folds are absent
or are highly disorganized in hnt embryos. Since the tra-
cheae lose their integrity in hnt mutants prior to the
presence of morphologically identifiable taenidia, it is pos-
sible that the absence of regular taenidial folds is a second-
ary effect. Molecular components of the taenidia have not
yet been identified; thus it is not known exactly when the
taenidia begin to form during tracheal morphogenesis. Cir-
cumstantial evidence suggests that the taenidia begin to
form prior to completion of secretion of the outer epicuticle
(Noirot and Noirot-Timothe´e, 1982). It is thus possible that
taenidial components are missing from an early stage in hnt
mutants and that HNT plays a direct role in taenidium
formation independent of its role in maintenance of tra-
cheal integrity. Consistent with this possibility, regular
taenidial folds are present in other mutants, such as sdt and
crb, in which the tracheal system disintegrates (Grawe et
al., 1996). Thus abnormal taenidial organization is not an
obligatory consequence of loss of integrity of the tracheal
epithelium.
T independently regulates epithelial architecture, directs taenidial
le is to regulate epithelial architecture. Apoptosis of a subset of
ss of epithelial integrity in hnt mutants. (C) HNT independently
sis in hnt-mutant tracheae is an indirect consequence of defects in) HN
ry ro
of loTogether our results suggest that there are three roles for
HNT during tracheal morphogenesis: (i) to preserve epithe-
s of reproduction in any form reserved.
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195hindsight in Drosophila Trachealial integrity, (ii) to direct assembly of the extracellular
structures known as taenidia, and (iii) to prevent apoptosis.
Since HNT is likely to be a transcription factor, we presume
that HNT resides in a genetic hierarchy that regulates or
coordinates these processes. In one model, HNT might have
a tripartite role, independently regulating epithelial integ-
rity, directing taenidial assembly, and preventing pro-
grammed cell death (Fig. 9A). In a second model, both
apoptosis and defective taenidial assembly may be indirect
consequences of defects in epithelial architecture (Fig. 9B).
Third, HNT may independently regulate epithelial archi-
tecture and assembly of taenidia, while apoptosis in hnt-
utant tracheae might be an indirect consequence of de-
ects in the first of these processes (Fig. 9C). It has been
hown in other systems that abnormalities in tissue orga-
ization can lead to apoptosis (Chen et al., 1997; Raff, 1998,
992; Ruoslahti, 1997). As discussed above, the loss of
ntegrity of the tracheal epithelium in hnt, crb, sdt, and shg
utants; the fact that apoptosis is not the cause of loss of
pithelial integrity in all three of these mutants; and the
act that disruption of taenidia occurs in hnt mutants, but
not in crb or sdt mutants, are all consistent with the third
model.
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